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Abstract We present a multi-wavelength study of the gravitational lens 
COSMOS J095930+023427 (zi = 0.892), together with the associated galaxy 
group located at 2 ~ 0.7 along the line of sight and the lensed background galaxy. The 
source redshift is currently unknown, but estimated to be at z s ~ 2. The analysis is based 
on the available public HST, Subaru, Chandra imaging data, and VLT spectroscopy. The 
lensing system is an early-type galaxy showing a strong [Oil] emission line, and produces 
4 bright images of the distant background source. It has an Einstein radius of 0.79", 
about 4 times large than the effective radius. We perform a lensing analysis using both a 
Singular Isothermal Ellipsoid (SIE) and a Peudo-Isothermal Elliptical Mass Distribution 
(PIEMD) for the lensing galaxy, and find that the final results on the total mass, the dark 
matter (DM) fraction within the Einstein radius and the external shear due to a foreground 
galaxy group are robust with respect of the choice of the parametric model and the source 
redshift (yet unknown). We measure the luminous mass from the photometric data, and 
find the DM fraction within the Einstein radius /dm to be between 0.71 ± 0.13 and 
0.79 ±0.15, depending on the unknown source redshift. Meanwhile, the non-null external 
shear found in our lensing models supports the presence and structure of a galaxy group 
at z ~ 0.7, and an independent measurement of the 0.5-2 keV X-ray luminosity within 
20" around the X-ray centroid provides a group mass of M = (3 — 10) x 10 13 M Q , 
in good agreement with the previous estimate derived through weak lensing analysis. 
Finally, by inverting the HST/ACS Ism image with the lensing equation, we obtain the 
reconstructed image of the magnified source galaxy, which has a scale of about 3.3 kpc 
at z s = 2 (2.7 kpc at z s = 4) and the typical disturbed disk-like appearance observed in 
low-mass star-forming galaxies at z ~ 3. However, deep, spatially resolved spectroscopic 
data for similar lensed sources are still required to detected the first stage of galaxy 
evolution, since the available spectrum shows no clear feature due to the background 
source. 

Key words: galaxies: individual: COSMOS J095930+023427 - gravitational lensing - 
dark matter 



1 INTRODUCTION 



Since the discovery of the first gravitational lens by IWalsh et al. I dl979l) . strong gravitational lensing 
(GL) has developed into an important astrophysical tool. It is nowadays a primary technique to probe 
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the dark matter (DM) s patial distribution in cosmic structures (on scales from gala xies to galaxy clus - 
ters, e.g. iMassev et al.1 (120 l"ol) ). investigation of the DM properties and nature (e.g.. lGrin et al. 
iMoustakas et al.l (12009)). to study in great detail the faint population of high-redshift galaxies (e.g., 
Richard et al. 2008, Monna & Covone 2012), and to provide a measure ment of the Hubble constant free 
of the calibration in the cosmic distance ladder (e.g . JSchechterl ( 2005t) ) or the cosmological parameters 
via statistical analysis (see, e.g. JCao & Zhul(l2012l) : ICao et al. d2012 ) and references therein). 

Compared with other observational techniques to probe the radial mass pro file, such as kinematics 
of stellar population ( Cappellari et all 2006 ; van der Wei & van der Marell2008l) and the temperature of 
X-ray emitting gas dHumphrev et al.ll2006t Churazov et al. , 2008 ). the advantage of GL lies in its ability 



to investigate the total mass within the Einstein radius without any assumptions about the dynamical 
state of the system. Moreover, about two hundred new strong galaxy-galaxy lenses, in which the lensed 
sources are extended g alaxies, have been discov e red by recen t large systematic surveys such as the 
SPSS survey ( SL AC S: iBolton et al.l d2006l 120081): [Allam et al l (l2007h ). the CFHT-LS surveys (SL2S: 
ICabanac et all d2007l) ). and the COSMOS survey (Fame et al.U2008UJacksonl, 120081) . These valuable 
samples can be used not only to study the DM in the lensing galaxies but also the properties of high- 
redshift (z ~ 2) star-forming galaxies acting as sources. 

The insights into the galaxy structure are emerging from two aspects of works. One is the joint 
statistical analysis for a large sample of galaxy-scale len ses. The DM content in the central reg i ons fo r 
early-type galaxies has been extensively investigated bv lCappellari et all d2006l) : rTortora et aL d2009l) . 
who found that the central DM fraction is an increasing func t ion of the total mass. Recently, by com- 
bining strong and weak gravitational lensing, lLagattuta et al.l d2010» have measured the average mass 
properties of a sample of 41 strong gravitational lenses at moderate redshift, and found that changing the 
inner slope of the DM profile by ~ 20% will yield a ~ 30% change in stella r mass-to-light ratio. The 
other is mapping the mass distribution of individual galaxy-scale lens systems. [Covone et al.l d2009l) an- 
alyzed the total mass and the DM fraction within the Einstein radius for a ~ L* SO galaxy at z = 0.4656 
as a function of the lensed source redshift, and obtained some results supporting the above mentioned 
statistical study at lower galaxy mass scale. 

Meanwhile, the properties and mass distribution of high-redshift galaxies in the distant universe 
(z > 2 — 3) is still an almost completely uncharted territory. A detailed exploration of more high— z 
galaxies by means of lensing magnification would allow a great insight into the first stages of galaxy 
formation. 

In this paper, we present an analysis of the gravitational lens COSMOS 095930+023427, an early- 
type lensing galaxy at z t = 0. 8923 ± 0.0007 (COS MOS J0 95930+023427) , discovered in the Cosmic 
Evolution Survey (COSMOS, dScoville et al.Ll2007l) ) field bv lJacksonl d2008b . by means of a systematic, 
visual inspection of lensing candidates. The aim of the present paper is to present a multi-wavelength 
study of this galaxy-scale gravitational lens, focusing on probing the DM distribution in the inner regions 
of a z ~ 0.8 elliptical galaxy and the properties of the lensed background source. 

The lensing system is clearly a four-image gravitational lens system (see Fig. [TJ, with two merging 
images lying about 0'/8 of the lensing galaxy and two images present to the southeast and southwest. The 
Subaru color imaging clearly shows that the lensed images have a similar blue colour, and the lensing 
galaxy dominates the light in the / band, while hardly detected in the B image (Fig. [TJ. 

One important feature of J095930+023427 is that the lensing galaxy is bright and well separated 
from the lensed HST images, which makes it possible to do a good determination of its photometric 
properties. Grasping information on both the mass and the light properties of this elliptical galaxy allows 
us to probe it s DM fraction (/dm , defined as /dm=1-M*/(M*+Mdm)- A study of the lensing galaxy was 
presented bv lFaure et al. I d201 lj), who used a SIE model for the lensing galaxy and took into account the 
presence of a lower-redshift galaxy cluster along the line of sight. They obtained a DM fraction within 
the Einstein radius /dm = 0.7lto'i2- 

The goal of the present paper is to present a detailed multi-wavelength study of this lens, including 
an improved lensing model based on the rich data set obtained by the COSMOS collaboration for the 
lensing galaxy as well as a new insight of the mass distribution of the lensed young galaxy at z ~ 2. 
This paper is organized as follows. In Section [2] we present HST imaging and Subaru spectroscopic 
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Fig. 1 Images of the gravitational lensing system with the identification of the four lensed 
images. Left panel: HST/ACS Isia data. Right panel: B-band SUBARU data, with contour of 
the sources from the HST/ACS data. Field of view is 10" x 7". 



observations of the the lens systems. In SectionfJ] we introduce the strong-lens mass models and present 
the constraint results on the lensing galaxy. In Section [5] we briefly describe the light properties of a 
non-local elliptical galaxy and its corresponding DM fraction. Section [6] shows the main properties of 
the reconstructed source galaxy. Discussion and conclusions appear in Section|7] Throughout this work, 
we assume a flat cosmology with f2 m = 0.3, Cl\ = 0.7, H = 70 km s _1 Mpc -1 . The age of the 
Universe at the lens redshift is 6.2 Gyr. All magnitudes presented in this paper are given in the AB 
system. 

2 THE DATA 

In this section, we present the imaging and spectroscopic data used in the analysis of 
COSMOS 095930+023427. The system was imaged as a part of the large observational effort to cover 
the COSMOS field. In our analysis, we use the imaging data from HST/ACS, Subaru/SuprimeCamera, 
XMM, Chandra and spectr oscopic data from zC OSMOS (Lilly et al. 2009). A full description of the 
available dataset is given in lScoville et al 1 (120071) . and we give here only a brief summary. 

HST high-resolution images are essential to build an accurate model of the gravitational lens, while 
the large multi-wavelength coverage allows us to constrain the redshift and the stellar population of 
the lensing galaxy and the lensed source. We obtain our data thorough the COSMOS Cutouts service^. 
HST/ACS images cover a square field of about 1.8 deg 2 . Final data have 0.03" per pixel scale, with depth 
igi4 ~ 28 and ^50% completeness for sources 0.5" in diameter at /gu = 26.0 mag . Subaru data are 
obtain ed in six broad-band (B, g\ V, r', i', z' ) and one narrow-band (NB816) filters dTaniguchi et al. L 
120071) . The Subaru color imaging clearly shows that the lensed images have a similar blue color and the 
lensing galaxy dominates the light in the / band. 

The lensing galaxy was selected among the spectroscopic targets of the zCOSMOS project 
dLillv et al.l 120091) . We retrieved the spectra from the second data release, containing the zCOSMOS- 
bright spectroscopic observations that are carried out u sing VLT/VIMOS . The measured redshift is 
zi = 0.8923 ± 0.0007, classified as probable redshift in lLillv et alj d2009l) . The redshift measurement 
is based mostly on the robust identification of the [Oil] emission line and a weak Call-K absorption 
feature. Unfortunately, the VLT spectrum shows no signature from the background source: as discussed 
hereafter, we can rely only on the available photometric data to constrain its redshift. 

The main arc (merging images B and C) is located at about 0.85" from the main galaxy center. A 
first model of this syste m has been present ed by Faure et al. (201 1): they estimated the Einstein radius to 
be i?E = 0.79 ± 0.02" dFaure et all 1201 lb . This corresponds to a linear scale of 6 pkc: in the following, 

1 Web site: |http : //irsa. ipac ■ caltech . edu/data/COSMOS/index_cutouts ■ html| 
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we constrain the total mass and dark matter fraction of the galaxy, using the Faure et al. value of Re in 
order to compare our results on the same length scale. 

3 THE LENSING MODEL 

In this section we introduce two gravitational lens models used to measure the total mass of the lensing 
galaxy within R^, M(<R^), and to determine the intrinsic properties of the lensed source. We adopt 
two different lens mod els: a Singular Isothermal E llipsoid (SIE) and a Peudo-Isothermal Elliptical Mass 
Distribution (PIEMD) dKassiola & Kovneij[l993l) . 

The previous lensing-based studies have demonstrated that the mass density profile of early-type 
galaxie s is consistent with an i sothermal mass m odel, both in the inner regions (within th e Einstein radii, 
jLagattuta et al.ld2010t);lRuff et al.ld201 lb ) and at distances of- 50-300 h^ 1 kpc dSheldon et all 
iMandelbaum et alT2006 ). Therefore we choo se not to constrain the density profile and adopt a 



SIE model following the normalization proposed by lKormann et al.l dl994l) . The ellipticity e is related 
to the axis ratio q = J dKeeton & Kochanek[|l998b . We have therefore three free parameters: the 

central velocity dispersion (cr), th e shape and orienta tion of the total mass distribution. 

Following recent works (e.g.. |Jullo et al.l d2007b ). we also model the galaxy with a PIEMD, which 
is widely used for strong l ensing studies both on galaxy scale and galaxy clusters scale dCovone et ID, 
120061 : IPonnarumma et all [20091) . Five free parameters are included in this model: the core radius (ro), 
cut-off radius (r c ), and velocity dispersion (ct), the shape and orientation of the total mass distribution. 
As r c vanishes, the potential approaches a singular isothermal potential, truncated at the cut-off radius. 

The main lensing galaxy is clearly not isolated: two massive early-type galaxies are found within 
~ 20", see Fig. [2] These two galaxies are likely members of a galaxy group loc ated along the line of 
sight at z — 0.7 (see SectHJi, that has already been considered in lFaure et al.l d201 lb as a part of the whole 
lensing system. Therefore, in this section, we consider the contribution of these two massive galaxies on 
the lensing potential. For simplicity, we have modeled the two additional galaxies as singular isothermal 
spheres (SIS), with the velocity dispersion as the only free parameter. However, we do not assume 
a priori the presence of the galaxy group, that can be revealed through the presence of an external 
shear. Such an external shear allows to characterize the contribution of the environment to the total lens 
potential. Therefore, we consider two additional lensing models with two more free parameters: the 
external shear parametrized by a shear strength 7 and its orientation PA 7 (two models SIE+SIS+SIS+7 
and PIEMD+SIS+SIS+7, respectively). 

Optim i zation of the lens models has been performed by means of Lenstool dKneib et all 1 19931: 
ljullo et ail l2007b . a tool adopting a Bayesian approach to strong lensing modelling. The best model is 
obtained by reproducing the location of the observed multiple images (i.e., positions of the brightest 
peak and shape) within the supplied uncertainties. We also checked that supplying the expected position 
of the critical curve between images B and C does not significantly improve the results. We choose 
to use the source plane minimization algorithm for higher accuracy. In Lenstool, the positions of the 
images are the main input observational data to constrain the lens model parameters. In our analysis, 
the position of the brightest peak is determined as the image position, and the error on each image 
position is assumed to be 0.05". In Table[T]we provide the lens galaxy central coordinates as well as the 
positions of the multiple images used in the lens modeling. A detailed discussion of the lensing models 
is given below. We assume the source to be located at redshifts z = 2 and 4, when deriving the total 
mass measurements. 



3.1 SIE+SIS+SIS 

In order to asses the effect of the external shear produced by the group and cluster, we have dealt with 
two simple models, namely the SIE+SIS+SIS and the SIE+SIS+SIS+7. 

The main galaxy is described by a SIE, defined by its position, velocity dispersion (<7i), orientation 
(PA) and ellipticity (e). The SIE central position is fixed to that of the light centroid for the lensing 
galaxy J095930+023427, as determined in the HST/ACS image. Moreover, considering that there might 
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Table 1 Positions of the lensing galaxy and the images (in degree) used as constraints for the 
lens mass model. 



Lens 


RA 


DEC 


Image 


RA 


DEC 


COSMOS J095930+023427 


149.878930 


2.574342 


A 


149.87902 


2.5745776 


B 


149.87886 


2.5745646 


C 


149.87915 


2.5742854 


D 


149.87869 


2.5741922 



Table 2 Best fit parameters for the lens models, assuming z s = 2: (1) Model name. (2) 
Bayesian evidence \ogE. (3) x 2 of the best lens model. (4) Shear parameters. (5) Best-fit pa- 
rameters for the main galaxy. (6) Velocity dispersion of the galaxy #2. (7) Velocity dispersion 
of the galaxy #3. (8) Mass of the main galaxy in the Einstein radius. (9) DM fraction within 
the Einstein radius. 



Model 


logE 


'2 

Y 


(7,PA 7 ) 


(o-i,e,PA) 
(km s" 1 ) 


02 

km s _1 


03 

km s _1 


M«R E ) 
IO^Mq 


/dm(<Rb) 


SIE+SIS+SIS 


-22.06 


1.7 




(238,0.28,-10°) 


391 


603 


3.49 




SIE+SIS+SIS+7 


-21.04 


2.6 


(0.25,+60°) 


(231,0.28,+0.52°) 


388 


600 


3.50 


0.8lt°;» 


Model 


logE 


x 2 


(7, PA 7 ) 


(<ti, r ,r c ) 
(km s - , kpc, kpc) 


c 2 
km s _1 


km s _1 


M«R B ) 
IO^Mq 


/dm(<Rb) 


PIEMD+SIS+SIS 


-22.30 


1.8 




(200,0.14,24) 


372 


596 


3.25 


079 +u.i2 

u - /y -0.12 


PIEMD+SIS+SIS+7 


-18.29 


5.6 


(0.24,+31°) 


(199,0.21,37) 


373 


596 


3.24 


79+o .12 



be a possible misalignment between the luminous bulge and the DM halo dKochanekl |2002[) . an ad- 
ditional ±20° uncertainty is placed on the orientation of the Sersic bulge light profile. The prior of 
the SIE ellipticity is £=[0.0,0.91, which take into account a possibly shallower distribution of DM halo 
dGavazzi et al.L 12007b . For the second and third galaxies in the model, we fix the SIS central position to 
their position in the I-band catalog and the only varying parameter is the velocity dispersion (02 , 03). 
The external shear is parametrized by two free parameters including a shear strength (7) and orienta- 
tion (PA 7 ) with the following priors: 7=[0.0,0.5], PA 7 =[-90°,90°]. Therefore, the total number of free 
parameters for the two models is 5 and 7, respectively. 

The best-fit values of the model parameters and the values of corresponding Bayesian evidence E 
and x 2 (assuming a source located at redshift z s = 2) are reported in Table[2] While the quantity logE 
can effectively be used to rank lensing models, see Julio et al. (2007), we report them mainly to show 
the overall relative quality of the fitting models. 

We also recomputed the best-fit models for a source at redshift z s = 4, in order to estimate system- 
atic errors on the DM fractions, as discussed below. From the best-fi t model displayed in Fig. [2] we see 
that the fit is (at face value) better when compared with the results of lFaure et al.l(l201 lb : with additional 
observational constraints such as the velocity dispersions of the lens galaxy closest neighbors, it would 
be possible to obtain a more detailed model of the lens potential which would most probably improve 
the fit. 

The image positions are slightly better reproduced (in terms of x 2 ) when an external shear is in- 
cluded in the models (when using both the SIE and PIEMD), as generally expected when both internal 
and external sources of anisotropy are included in the model. However, the value of the shear strength 
7 is quite significant since it amounts to about 7 ~ 0.2. Therefore, despite the large shear strength, we 
shall call this latter model as the fiducial lens model in the following, with the model parameter con- 
straint results displayed in Tableland Fig. [2] The total mass of the mai n galaxy in the Ein stein radius 
would be M(<R B )=3.5tg ;3xlO n M Q , a result compatible with that of lFaure et"ail (1201 ll) . We stress 
here that the velocity dispersion associated with the secondary and third lens can be associated with 
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Fig. 2 Mass models with the SIE+SIS+SIS+7 model. Left panel: Constraint results with the 
black circles representing the main galaxy and the secondary and third galaxy (the favorite 
source positions are denoted by green ellipses). Right panel: zoom on the lens galaxy and on 
the images. North is to the top and East to the left. 



the galaxy mass, however, we choose not to discuss their masses in this paper, due to the simplifying 
assumption on the corresponding potential SIS. An improved version of the present mass model will re- 
quire future measurements of their velocity dispersions. In neither case (with or without external shear), 
a significative offset between the mass distribution in the lensing model (i.e., the total mass distribution) 
and and the light distribution is found. Indeed, we obtain a value of the ellipticity of the total mass dis- 
tribution^ = 0.2 8) that is coherent with the ellipticity of the light distribution (e = 0.21 ± 0.05, see 
iFaureet all (120111) 1. 

Finally, the predicted source positions (for each of the 4 elliptical-like images) are given by our 
fiducial model in Fig. [2] and are clearly overlapping with each other. Further constraints and discussion 
on this lensed galaxy are given in Sect. [6] 



3.2 PIEMD+SIS+SIS 

The lens galaxy model and corresponding mass within Einstein radius are shown in Table 13.11 with 
M(<R B )=3.25 x 10 n M o . The PIEMD+SIS+SIS+7 model yields a similar fit in terms of Bayesian ev- 
idence and x 2 , with a relatively large external shear (7 = 0.24). This clearly supports complementary 
evidence for the presence of a massive galaxy group located along the line of sight. Also using this para- 
metric model, we measure an ellipticity the total mass distribution (e = 0.22) in perfect agreement with 
that of the light distribution: the DM halo does not appear to be shallower than the stellar distribution. 

In Fig. |3.1| we plot the 2D marginalized probability distribution functions (PDFs) for the parameters 
of the PIEMD+SIS+SIS+7 model. We note that the large value for the velocity dispersion of the most 
massive galaxy in the lensing system (03 ~ 600 km/s) can be due to the contribution of the surrounding 
galaxy groups. In the bottom right panel we show the PDF for the shear parameters: it is evident that 
these parameters are not as strongly contained as the other model parameters. While the best-fit value 
7 = 0.24 is quite large when compared with estimates o f the shear produce d by the cosmic environments 
of strong lensing galaxies (7 ranging from 0.02 to 0.17, dWong et al 11201 ll) ). very low vales for the shear 
7 are still well within the la contour. A further study of the present lensing system requires taking into 
account the detailed galaxy distribution along the line-of-sight. 
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Fig. 3 2D marginalized PDFs for the parameters of the PIEMD+SIS+SIS+7 model. Top pan- 
els: velocity dispersion of the main galaxy vs galaxy PA; galaxy PA vs ellipticity. Bottom 
panels: velocity dispersion of the galaxy #2 and #3; external shear vs shear angle. The three 
contours stand for the 68%, 95% and 99.5% confidence levels. 



3.3 The DM fraction 



In this section, we determine the stellar mass within the Einstein radius for the main galaxy, M^(<R£;) 
and compare it with the total mass within the Einstein radius, M(<R#) obtained from lens modeling. 
Correspondingly, the projected DM fraction within the Einstein radius: /dm(<R,e) = 1 - m'^r^ * s 
obtained. These values are reported in Table [2] when assumi ng a source located at z s = 2. 

The stellar mass is derived following lUbert et al. and assuming a Salpeter initial mass func- 

tion (IMF) from 0.1 to 100 M . The total stellar mass is found to be M* = (0.91 ± 0.23) x 10 11 M . 
Hence, the stellar mass inside the Einstein radius can be derived by measuring the light profile, and 
considering the fraction of the total light inside that radius. We considered here for the slight lens- 
ing magnification (~ 1.2) of the galaxy flux by the nearby ga laxy group. We o btain M*(Re) = 
0.68 ± 0.18 x 10 11 M , slightly smaller than the value found by iFaure et atl d201ll) . We can now use 
this to determine the DM fraction inside i?E and for the whole galaxy. By using the best-fit values given 
in Tableland considering a source located at redshift z s = 2, we obtain a value /dm = 0.79 ± 0.12 
(with the PIEMD model). The major source of uncertainty in our losing model is given by the unknown 
source redshift. When considering a more distant source at z s = 4, we obtain a less massive lensing 
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Fig. 4 HST/ACS I band image of the region around the lens galaxy. The white contours show 
the X-ray surface brightness distribution in the 0.5-2 keV band, as derived through adaptive 
smoothing of the raw X-ray image. Black circles mark the position of the candidate member 
galaxies of the group, according to the analysis of George et al. (201 1). 



galaxy: the total mass within the Einstein radius is then measured to be M(Re) = 2.5 x 10 11 M Q and 
2.3 x 10 11 Mq, with the SIE and PIEMD models, respectively, regardless of the external shear. This 
translates in a lower allowed value for the DM fraction: /dm = 0.82 ± 0.12. While considering the 
whole galaxy, the DM fraction is 0.95 ± 0-10- Our measurements at ~ 4 effective radii can be directly 
compared with the findings bv lDeason et al.1 ( 1201 2|) . studying a sample of 15 nearby elliptical galaxies, 
by using planetary nebulae and globular clusters as kinematical tracers. Within 4 R e s, the DM fraction 
is found to be between 0.6 and 0.9, for the galaxy mass range considered here. A numerous sample at 
high redshift is required in order to detect any evolution inn the DM fraction, as a function of galaxy 
mass. 

4 THE PROPERTIES OF THE GALAXY GROUP 

As discussed above, a significative external shear in the lensing model points to the presence of massive 
structure along the line of sight to the lensing system. This adds up with other, several strong evidences 
for the presence of a galaxy group at z ~ 0.5: a spatially extended X-ray emission, and an over-density in 
the photometric redshift distribution, confirmed by the more sparse spectroscopic data. Recently, George 
et al. (2011) have presented a spectroscopic survey of galaxy groups in the redshift range < z < 1, 
including this structure. 

The analysis of the COSMOS field performed bv lFinoguenov et ail d2007l) allows to identify galaxy 
clusters and groups based on their X-ray emission. The galaxy membership to those groups was assessed 
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in iGeorge et al.l (1201 ll) . based on the distance from the X-ray centroid, as well as photometric and 
spectroscopic redshifts. 

Based on these analysis. iFaure et al I (1201 lh noticed that there is a galaxy group (ID 288 according 
to the classification in the X-ray and galaxy catalogs) along the line of sight toward our lens, likely 
at z ~ 0.7. We use the COSMOS public dat£0 to verify the properties of such group of galaxies. In 
Fig. [4] we show the HST/ACS I band image of the field around our lens; we overlay on the optical 
image, the X-ray contours obtained through adaptive smoothing of the 0.5-2 keV Chandra observations 
of the same region. The adaptive smoothing procedure allows to separate the emission of the two bright 
AGNs present in the field, from the spatially extended emission likely associated with the galaxy group. 
Using the most recent versions of the X-ray and galaxy catalogs 0, we identified the galaxies which are 
candidate group members, which are shown by black circles in Fig. |4] 

Although the X-ray detection has a low significance (~ 2a from our adaptively smoothed map, and 
quality flag 2 in the X-ray catalog), the emission appears to be centered between the two brightest group 
galaxies, and aligned with the main gravitational lens. While the X-ray contours suggests the presence 
of an eastern tail, which overlaps with the optical group members, the significance of this feature is too 
low to decide whether it is an artifact of the smoothing process or it is related to the sparse distribution 
of the group galaxies. 

To make an independent assessment of the group mass, we measure the 0.5-2 keV X-ray luminosity 
within 20" (corresponding to a linear scale of 140 kpc at z = 0.7) around the X-ray centroid, deriving 
a Lx = (8.6 — 13) x 10 42 erg/ s for temperature s in the range 1 — 2 keV and Z/Zq = 0.6 — 1. Using 
the scaling relations provided bv lEckmiller et al.l d201 ll) . this translates in a ma ss M = (3 — 10) x 10 13 
M©, which is in good agreement with the estimate of 4.4 x 10 13 M© derived bv lLeauthaud et all d201 lh 
through weak lensing analysis. 

5 THE GALAXY STELLAR POPULATION 

The lensing galaxy is classified as an early-type galaxy by its morpho logy, and the basic m orphological 
parameters can be found in the COSMOS Morphology Catalog (vl.h lCassata et all (12007b '). The Sersic 
index is n = 1.98 ± 0.20, and the effective radius is 6 cS = 0".21 ± 0.08 ~ 3.8 E . However, the 
galaxy also shows an evident Ofll] emission line, see Fig. [5] We measure its luminosity to be Lorn] = 
(8.1 ± 5.9) x 10 ergs . If interpreting this as a signature of ongoing star-formation, rather than 
AGN nuclear activity, we can d etermine the galaxy star-formation rate (SFR) by adopting the calibration 
introduced by iKennicuttl (1 1998b : 

SFR (M Q /yr _1 ) = 1.4 x 10~ 41 L{0[II\) . (1) 

We find therefore a modest SFR- 1.2M yr -1 . 

Then, we have performed an analysis of the properties of the lensing galaxy stellar popu- 
lation by using the available low-resolution spectrum from zCosmos and the tool STARLIGHT 
(ICid Fernandes et all l2005t ICid Fernandes et al. I l2007h . We assume as a base a set of simple stellar 
populations with a Chabrier (2003) initial mass function, and exclude the wavelength range of the ob- 
served emission line. The measured (light-weighted) age of the lensing galaxy is — 3.4 Gyr, with the 
metallicity Z/Zq = 0.014 (x 2 = 1.5). Therefore, the galaxy formation epoch is located at redshift 
z — 2: however, we caution that this value is to be interpreted as a lower value, since a likely young 
stellar population in the galaxy is biasing this measurement. 

6 IMAGE RECONSTRUCTION IN THE SOURCE PLANE 

Finally, as a demonstration of the capability of the present lensing system as a gravitational telescope, 
we use the lensing model with the lower x 2 to invert the lensing equation and reconstruct the intrinsic 



2 http://irsa.ipac.caltech.edu/data/COSMOS/ 

3 The catalogs are available at http://astro.berkeley.edu/~mgeorge/cosmos/ 
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Fig. 5 The optical spectrum of the lensing galaxy from zCOSMOS project (in black). The 
[QUI emission line is evid ent. The observed spectrum s compared with two spectral templates 
from lKinnev et alj d 1996b : an elliptical galaxy (red) and a star-forming galaxy (blue). 



sourc e morphology. With this aim, we used the task cleanlens provided by Lenstool dKeren et all 
|2012|) : for each point of the image plane, the program computes the corresponding point in the source 
plane. 

The inversion result of the HST/ACS Igi4 image is presented in Fig. [6] The reconstructed source im- 
age allows us to investigate the detailed spatial structure of the magnified source. We find that the galaxy 
has a scale of about 3.3 kpc at z s = 2 (2.7 kpc at z = 4), and a disturbe d disk-like appearance which 
is typical in low-mass star-forming galaxies at z ~ 3 dGenzel et alll201 H) . Unfortunately, the available 
spectrum shows no clear feature due to the background source (see Fig. ID and only the HST/ACS im- 
age allows a clean separation of the lensed images from the deflector. Therefore deep, spatially resolved 
spectroscopic data are still required for a large sample of similar lensed sources (magnification ~ 10, 
z ~ 3) to gain further insight into the first stage of galaxy evolution. 

7 CONCLUSIONS 

We have performed a multi-wavelength analysis of the gravitational lens COSMOS J095930+023427 
(zi = 0.892), based on the large set of public data from the COSMOS survey. The lensing system is 
an early-type galaxy with an Einstein radius of 0.79". We perform a lensing analysis using both a SIE 
and a PIEMD: final results on the total mass, the dark matter (DM) fraction within the Einstein radius 
and the external shear due to a foreground galaxy group are robust with respect of the choice of the 
parametric model and the source redshift (yet unknown). We find that the DM fraction is /dm = 0.75 
at about 4 effective radii wit h a source at z s = 2, similar to what recently found in local elliptical 
galaxies dDeason et all I2012T) . The non-null external shear found in our lensing models supports other 
observational data about the presence and structure of a galaxy group at z ~ 0.7, which appears to 
be centered between the two brightest group galaxies, and aligned with the main gravitational lens 
according to the X-ray detection. An independent measurement of the 0.5-2 keV X-ray luminosity within 
20" around the X-ray centroid provides us a group mass of M = (3 — 10) x 10 13 M Q , a result consistent 
with the previous estimate derived through weak lensing analysis. We also find that the lensing galaxy 
shows a strong [Oil] emission line, probably due to a low amount of ongoing star-formation activity. 



The gravitational lensing system COSMOS J095930+023427 
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Fig. 6 Image reconstruction of the lensed galaxy, based on the HST/ACS Ism data. 



Finally, by inverting the lensing equation of the HST/ACS Igi4 image, we obtain the reconstructed 
source image presented in Fig. [6] and investigate the detailed spatial structure of the magnified source. 
The lensed galaxy has a scale of about 3.3 kpc at z s = 2 (2.7 kpc at z s =4), and a typical disturbed disk- 
like appearance in low-mass star-forming galaxies at z ~ 3 dGenzel etal.ll201ll) . However, we note that 
deep, spatially resolved spectroscopic data for similar lensed sources are still required to detected the 
first stage of galaxy evolution, since the available spectrum shows no clear feature due to the background 
source (see Fig. [5]). 

The present multiwavelength study is meant to be the first step i n a systematic, individual study o f 
the large sample of gravitational lenses found in the COSMOS field dFaure et all 120081: |jacksonll2008l) . 
with the aim to probe the evolution of the structure of the inner regions of elliptical galaxies. A compan- 
ion spatially-resolved spectroscopic observational campaign is the most natural step to complement the 
dataset already in hand and obtain a deeper insight into the properties of massive early-type galaxies at 
z ~ 0.7-1.0. 
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